F-Z Respiratory Investigation
Unit of ventilatory responses to added mechanical loads in conscious humans has provided valuable insights into the respiratory system's adaptive capabilities when faced with the intrinsic load of lung disease. The interpretation of studies of this nature, however, often presents difficulties, and external loading is, at best, an imperfect simulation of lung disease (2) . The imposition of mechanical loads at the mouth alters pressure in the upper airways (oropharynx and larynx) and the load against which the respiratory muscles must operate. The extent to which alterations in upper airway pressure, induced by loading and not present in intrinsic disease, contributes to the overall response is unknown and merits consideration, particularly in light of the recent evidence of an abundance of upper airway mechanoreceptors (at least in animals) that can significantly modulate ventilatory control (3, 7, 8, 12) .
In animals the existence of upper airway receptors that exert powerful effects on breathing in response to changes in transmural pressure has prompted speculation concerning the possible role of such receptors in the pathogenesis of sleep apnea in humans. During apneic episodes the upper airways are subjected to large negative inspiratory pressure changes (11); it has been suggested that abnormalities in responses to airway mechanoreceptor stimulation during such pressure perturbations may make apnea more likely (5). The identification of the normal respiratory responses to isolated upper airway pressure changes could shed some light on their possible role during sleep apnea.
Tracheostomized subjects, whose upper and lower airways were functionally separated, were studied. By use of a special pressure-generating apparatus (16), the "isolated" upper airways were presented with a wide variety of phasic pressure changes that closely simulated the pressure changes generated at this site during external mechanical loading while the subjects breathed normally through their tracheostomies. Thus it was now possible to quantify the ventilatory responses to upper airway pressure changes without the subjects actually breathing through their upper airways. This provided a unique opportunity for assessing the particular contribution of mechanical events at the upper airways to the overall ventilatory responses to conventional mechanical loading.
MATERIALS
AND METHODS Group 1 consisted of 11 male subjects who had undergone laryngectomy for laryngeal carcinoma. Their mean age was 65 yr (range 51-67 yr). At the time of the study all subjects were clinically stable and had responded satisfactorily to operative resection and local radiotherapy with no evidence of tumor recrudescence on close follow-up. Studies were carried out, on average, 3 yr after therapy was completed (range 12-84 mo). Although all subjects gave a history of heavy cigarette smoking (average 45 pack-yr) in the past, only one subject had mild chronic obstructive lung disease (forced expiratory volume in 1 s = 60% predicted). There was no clinical or radiograph ic evidence of other lung disease.
Group 2 consisted of a heterogeneous group of four individuals with tracheostomies and intact larynxs.
These subjects are considered individually. Subject 1 was a 49-yr-old male who underwent a "prophylactic" temporary tracheostomy before oral surgery for resection of an adenoid cystic carcinoma of a minor salivary gland. Her arterial partial pressure of 02 ranged from 60 to 69 Torr and arterial partial pressure of C-0, ranged from 45 to 53 Torr with normal arterial pH. This subject was clinically stable when she participated in the study. Sz&++ect 3 was a 63-yr-old male who had received local radiotherapy for a cancerous nodule of the left vocal cord 12 mo earlier. Therapy was complicated by supraglottic edema that recurred episodically and, on the occasion of his admission to hospital, a tracheostomy was necessary to maintain airway patency. Loading tests were carried out before extubation (7 days postadmission) when edema had completely subsided.
Subject 4 was a 49-yr-old female who had suffered a brain stem cerebrovascular accident 1 yr earlier. At the time of the study this patient had residual dysphagia and bilateral upper motoneuron signs in her lower limbs. She entered hospital with acute hypoxic respiratory failure secondary to aspiration pneumonia that necessitated assisted ventilation and eventual tracheostomy. The pneumonia had responded to appropriate therapy; the chest X-ray had cleared, and arterial blood gases had normalized. The study was carried out on the day before extubation (day 14).
A closed breathing circuit was used. The inspiratory and expiratory sides of a unidirectional J valve were connected to a rolling-seal spirometer. This spirometer was specially modified by means of integrated electrical circuitry driving a linear motor attached to its piston to alter the pressure at its orifice in proportion to flow or volume command signals (16). When respiratory flow was used as the command signal, positive or negative pressure was produced in proportion to flow (inspiratory or expiratory), thereby simulating resistance loading or unloading. Similarly, pressure in proportion to respired volume signal simulated elastic loading.
The proportionality between the flow or volume signal and the pressure generated by the apparatus (i.e., magnitude of loading-unloading) was continuously adjusted by a potentiometer. The resistance of the unloaded breathing circuit was <l cmH20 at a flow rate of 0.5 l/s. Expired CO2 was absorbed using soda lime, and 100% O2 was added to the circuit to compensate for 02 consumption and to maintian a constant spirometer volume. Flow was determined at the tracheotomy using a Hewlett-Packard pneumotachograph (linear to 3 l/s) and a Validyne differential pressure transducer (t2 cmHzO). Flow was integrated to provide volume. Mouth or tracheal pressure was measured using a Validyne differential transducer (tlO0 cmHz0).
. Ai rway COn concentration and inspired 02 tion were measured by medical gas analyzers concentra-(Beckman LB-2 and Beckman OM-11). The sampled gas was returned to the breathing circuit. The signals related to spirometer volume, respired flow and volume, airway pressure, and gas concentration were amplified and disnlayed on a six-channel recorder (Gould). Simultaneously, fl .ow, volume, and airway pressure signals were sampled and stored on a computer disk (Hewlett-Packard) at the rate of 50 Hz.
Procedure. Subjects in group 1 (total laryngectomy) had no endotracheal tubes (simply a stoma). In these subjects the tip of a Portex (8 mm) tube was advanced into the stoma so that most of the cuff was in the track. Because the track is quite long, the tip of the tube did not reach the trachea proper. This method of insertion permitted the formation of an airtight seal while avoiding the i rritative phenomena routinely associated with de novo insertion of a tube in the unanesthetized trachea (coughing, discomfort, irregular breathing).
Subjects in group 2 (larynx intact) already had a cuffed tracheal tube in place. In these subjects, separation of upper from lower airways was accomplished by inflating the cuff.
In both groups the tracheal tube was connected to the pneumotachograph. In the case of lower airway loading, the other end of the pneumotachograph was connected to the loading apparatus via the unidirectional J valve. For upper airway loading, the mouth was connected to the loading apparatus via a mouthpiece, after the nose was clamped, while the tracheal pneumotachograph was open to the room (i.e., tracheal pressure = 0).
The responses to the following load manipulations were studied: 1) inspiratory resistive loading (IRL): airway (mouth or tracheal) p ressu re was made negative in proportion to i .nspiratory flow; 2 ) inspiratory resisti .ve unloading (IRU): airway pressure was made positive in proportion to inspiratory flow; 3) expiratory resistive loading (ERL): airway pressure was made positive in proportion to expiratory flow; 4) expiratory resistive unloading (ERU): airway pressure was made negative in proportion to expiratory flow; 5) elastic loading (EL): airway pressure was made negative in proportion to volume above the end-expiratory level.
For the first four applications (resistive load changes) tracheal flow signal was used as the command signal for the apparatus. The flow signal was first passed through appropriate rectifiers-inverters to elect the polarity (loading-unloading) and phase (inspiration-expiration) of load change. For elastic loading, the output of the flow integrator, which resets to zero at end expiration, was used as the command signal.
A given experiment was devoted to the study of one type of load manipulation and consisted of two sessions (15-20 min each) separated by a rest period (15 min). In one session the pressure change was applied at the mouth, whereas in the other, tracheal pressure was altered. The order was random.
Each session consisted of an initial 3-to 5-min interval of unloaded (control) breathing during which the subject became familiar with the apparatus. Data collection then commenced and consisted of three equal phases (3-4 min each) in continuity: phase 1 (Cl), normal load; phase 2 (L), load; and phase 3 (C,), normal load.
Each subject in group 1 participated in a number of experiments (mean = 2.9). Because of the limited time available before the tracheal tube was to be removed in group 2, these subjects could only participate in one IJPPER AIRWAY MECHANORECEPTORS AND LOADING RESPONSES 543 experiment. We elected to study the effect of EL in these subjects. Analysis. Tidal airflow tracings were displayed on the computer screen. The onset of each inspiration and expiration (zero crossing) was identified with the aid of a cursor and stored. Sighs, swallows, and irregular breaths were deleted. For each breath the computer calculated the following: 1) tidal volume (VT); 2) inspiratory time (TI), measured from the beginning of inspiratory flow to the beginning of expiratory flow; 3) TT, respiratory cycle duration; 4) expiratory time (TE), the balance of the cycle (TT-TI).
For each phase (Cl, L, C,) the computer calculated the mean, variance, and standard deviation for each of the listed ventilatory parameters for all the breaths analyzed during the period (30-84 breaths/period, mean 52). Average expired minute ventilation (VE) and mean inspiratory flow (VT/TI) for each phase was calculated from the printed mean values of VT, TT, and TI.
The paired t test was used to assess whether an observed loading response was significant for the group. For the latter application the average of the two control observations bracketing each load in one subject formed one member of the pair, and the average of all observations during loading provided the second value of the pair. Each subject was thus represented by one loaded and one control value.
In the individual tracheostomized subjects (group 2) comparison of the results of C1 vs. EL, Cz vs. EL, and Cl vs. Cx during mouth and tracheostomy loading, respectively, was determined by analysis of variance and the Scheffe's test for multiple comparisons.
In addition to the global responses outlined above, we investigated whether upper airway pressure changes had any effect on the temporal pattern of inspiratory and expiratory flow. Such changes would indicate effects on the temporal pattern of inspiratory activity. To this end, the computer fractionated TI and TE of each breath in a given phase (Cl, L, C,) into 20 equal intervals. A printout of the average value for flow at 5% intevals of TI and TE A Mouth pressure kmHp0) was thus obtained for each phase. The time of occurrence of peak inspiratory flow (tPIF (%TI)] and peak expiratory flow [tPEF (%TE)] was determined. In addition, average flow at 50% TI and 50% TE, expressed as percent of peak flow, was calculated for each phase (VI~.JPIF and VE~.~/PEF, respectively).
RESULTS
Group 1, laryngectomized subjects. Figure 1 shows examples of the five different load changes applied to upper airways. The top four panels (A-D) pertain to simulated resistive load changes. With IRL (A), mouth pressure becomes negative in proportion to inspiratory flow measured at the tracheostomy. Mouth pressure is near zero during expiration. With IRU (B), changes in mouth pressure are also similar in pattern to inspiratory tracheal flow but the polarity is opposite. In C and D, mouth pressure pattern is similar to tracheal expiratory flow (negative with simulated ERU and positive with simulated ERL). E shows the relation between mouth pressure and respired volume during simulated EL. In all cases tracheal pressure was atmospheric (pneumotachograph open to the room).
Asindicatedin MATERIALSAND METHODS, eachperiod of load change at mouth or trachea was preceded and followed by a period of control breathing (Cl and CZ, respectively). There were no significant differences between C1 and C2 in any of the measured variables. Accordingly, for the sake of calculating the effect of loading we averaged the results of C1 and C2 and compared the average value with the result obtained in the period of load change (paired t ttest). Tables l-3 show the average results for the five different types of load change applied at upper airways and at the tracehostomy. Simulated inspiratory resistive loading at upper airways (peak pressure = -5.6 cmHzO, n = 8) resulted in a small (12%) but significant (P < 0.02) increase in TI ( Table 1  for definitions of other abbreviations. * P < 0.02; t P c 0.01. pressure = -5.2 cmHa0, magnitude of loading = 9.8 cmHzO= 1-l. s-l) was applied to the tracheostomy in five of these subjects, TI increased by 30% (P < 0.02), VT/TI decreased by 14% (P < 0.05), and end-tidal CO2 (average of all breaths in each period) increased 0.17% (P c 0.001). There were no other significant changes. Simulated IRU at the mouth (average peak pressure = 4.91 cmHnO) in six subjects elicited no significant changes in any of the measured variables (Table 1, right). In general, subjects did not tolerate IRU of the same magnitude when delivered at the tracheostomy, and adequate data are therefore not available. Table 2 , left, shows the group mean responses to ERL at the oropharynx (OP, n = 6) and at the tracheostomy (n = 5). During simulated ERL at OP [peak pressure = 4.6 t 0.25 (SE) cmHzO] the only significant change was a small reduction in ventilation (P < 0.05), which, however, was not associated with corresponding changes in end-tidal CO2 (ETco,). By contrast, ERL at the tracheostomy (n = 5) caused a highly significant prolongation of TE and TT. ET co2 also increased significantly.
Simulated ERU at OP (n = 7) was associated with prolongation of TI (P < 0.02). No other changes were observed. An equivalent load applied at the tracheostomy in six of these subjects resulted in significant reductions in TE (-14%, P < 0.001) and TT (-9%, P < 0.01) and a decrease in ETco,.
EL at OP (n = 5) resulted in no significant responses (Table 3 ). EL at tracheostomy in the same subjects caused significant reductions in VT, TI, TE, and TT with no changes in 7jE or ETco,.
In these subjects with tracheostomy, PIF occurred near the middle of inspiration (Table 4) . PEF was routinely observed at -25% of TE, and flow at midexpiration was approximately two-thirds of its peak value. None of the load changes applied at the OP caused a significant change in inspiratory or expiratory flow pattern (Table  4) . Table 5 lists the individual ventilatory responses of the four tracheostomized subjects with intact larynx after selective EL at either the mouth (left) or the tracheostomy (right). In subject 1 (Fig. 2) EL applied at the mouth (peak pressure = -6.8 t 0.23 cmH20) resulted in a significant reduction of VT, TI, TE, and TT by 16, 26, 34, and 30%, respectively [P < 0.05, analyses of variance (ANOVA)]. ET co2 fell significantly by 0.2% (P < 0.05).
When the same subject was loaded at the tracheostomy (added elastance = 12.6 cmHnO/l) TI, TE, and TT were significantly reduced by 5, 23, and 16%, respectively (P < 0.05, ANOVA). The remaining three subjects did not show any consistent ventilatory response to EL at OP or tracheostomy (Table 5 ).
DISCUSSION
A number of studies in anesthesized animals have demonstrated that afferent activity arising from upper airway mechanoreceptors significantly modulates ventilatory control in response to alteration of transmural pressure, airflow, and laryngeal muscle contraction (6, 12). The human upper respiratory tract has a rich sensory supply, and although, in the past, information from such airway receptors has been accorded a minimal role in the normal control of breathing, evidence to the contrary has accrued in a number of recent studies. Transient negative pressures in the upper airway, for example, have been shown to affect respiratory timing (13) and depress the rate of rise of inspiratory pressure (14) in newborn infants. The human upper airway has also been shown to contain flow-sensitive receptors that markedly influence respiration at least during breath holding (9). The main purpose of the present study was to identify the effect of OP mechanoreceptors on breathing in adult humans.
By use of a specially modified pressure-generating apparatus (16), it was possible to alter pressure at the isolated OP of laryngectomized patients to closely simulate the phasic pressure changes generated at this site during conventional mechanical loading and to determine the ventilatory response to such interventions. The close reproduction of upper airway pressure patterns to mimic loading conditions was deemed important, since it is now well established from studies on other mechanoreceptors that influence breathing that the pattern of mechanical perturbation is crucial to determining the effect (15, 17, 18) .
Because the lower respiratory tract was not loaded during OP pressure manipulations, any changes in ventilatory variables measured at the tracheostomy represent neural responses to upper airway pressure changes. Conversely, any changes in neural output as a result of OP loading should have resulted in corresponding changes in ventilatory output measured at the tracheostomy. In particular, assessment of the flow pattern during inspiration and expiration ( our subjects to a reflex mechanism, although behavioral factors cannot be excluded.
Although TI consistently lengthened with phasic negative pressure in OP, the changes were small. This and the fact that the TI response to OP loading is not load specific (i.e., TI lengthens with all loads that result in phasic negative pressure), whereas TI responses to global (i.e., upper plus lower respiratory loading) or tracheal loading are load specific (lengthening with IRL and shortening with EL) suggests that OP pressure changes are not instrumental in determining the type or magnitude of response to respiratory loads applied at the mouth in normal subjects.
A corollary to this is that sensations induced at the mouth during loading have little direct effect on loading response. All pressure perturbations were sensed at the OP by the subjects. Indeed, most subjects during mouthloading described what was for them an almost uncanny experience of breathing "naturally" through their mouths again (particularly during IRL and ERU), thus reminding them of their pretracheostomy days. The imposition of mechanical loads at the mouth of normal subjects necessarily induces sensations at the OP that are consciously perceived and that could, of themselves, initiate conscious alterations of central respiratory drive. Our results suggest that such sensations at the mouth after external loading do not appreciably modulate ventilatory control.
Although responses to pressure changes at the OP with their attendant sensations were indeed trivial, it is possible that our results may have underestimated the role of the OP in the normal control of breathing. First, some of our study subjects may have sustained radiotherapy-induced mucosal injury and consequently compromised airway mechanoreceptor function. However, although the field of irradiation may have encroached on the pharynx in some subjects, mucosal surfaces of the nose, nasopharynx, and mouth were not irradiated. Consequently, mechanoreceptors at these sites were intact in all subjects. Second, our subjects were elderly (average 65 yr), and there is some evidence to suggest that upper airway reflexes are attenuated in the elderly (19) . In addition, although all subjects sensed the various loads, we did not ascertain whether perceptual sensitivity to pressure changes at OP was reduced in our subjects compared with younger normal individuals.
Previous studies in anesthetized animals have shown that the afferents responsible for the ventilatory responses to pressure changes in upper airways originate primarily in the larynx; section of superior laryngeal nerves markedly attenuates the responses (12). We entertained the possibility that the meager responses to OP pressure changes (after excluding the larynx) were related to anesthesia in these studies. The present results confirm the trivial role played by OP pressure receptors in the breath-by-breath contorl of breathing, even in the conscious state.
To elucidate the possible role of laryngeal pressure receptors in load responses we studied a group of subjects with tracheostomy but with intact larynx (group 2). In sz.&ject 1 application of negative pressure at the upper airway that simulated EL resulted in striking changes in breathing pattern (Table 5, Fig. 2) . Coincident with the imposition of the load, the subject adopted a rapid shallow breathing pattern that persisted for the duration of the load and reverted to control breathing pattern precisely at its cessation. When the elastic load was later applied at the tracheostomy the response was qualitatively similar but changes in VT and respiratory timing were somewhat less pronounced (Table 5 ). This finding suggests that largyneal pressure-sensitive receptors may have a powerful influence on breathing pattern and may subserve the loading response in conscious humans. However, in the remaining subjects no consistent re-548 UPPER AIRWAY MECHANORECEPTORS AND LOADING RESPONSES sponses could be elicited by loading the upper airways, but these subjects also failed to show a response when the load was applied at the tracheostomy. It is possible that the largely negative results in these subjects are explainable on the basis of impaired neurological function; two of the subjects had brain stem lesions, and the third is likely to have had radiotherapy-related mucosal injury at the larynx.
The steady-state ventilatory responses to IRL, ERL, and EL at the mouth in normal subjects have been well documented in the past (1, 4, 10). Our subjects with bypassed upper airways showed qualitatively similar responses when confronted with these loads at the tracheostomy. In response to IRL, the main changes were a prolongation in TI, a reduction in VT/TI, a small reduction in VE, and a small increase in ETco, (cf. Ref. 4) . Also, as in normal subjects (lo), ERL caused a marked increase in TE and TT and, although not significant, the changes in VT and TI (both increased) were in the same direction as in normal subjects. Finally, EL (Table 3) caused a significant reduction in VT, TI, and TE with little change in ventilation. It is thus evident that upper airways are not essential for a "normal" ventilatory response to loading.
In summary, our results indicate that pressure alterations at OP during external mechanical loading together with the sensations these induce have little influence on loading responses. Second, afferent information from receptors in the OP and larynx is not necessary to respond appropriately to conventional mechanical loading.
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